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Diamagnetism around the Meissner transition in a homogeneous cuprate single crystal
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The in-plane diamagnetism around the Meissner transition was measured in a Tl2Ba2Ca2Cu3O10
single crystal of high chemical and structural quality, which minimizes the inhomogeneity and disor-
der rounding effects on the magnetization. When analyzed quantitatively and consistently above and
below the transition in terms of the Ginzburg-Landau (GL) approach with fluctuations of Cooper
pairs and vortices, these data provide a further confirmation that the observed Meissner transition
is a conventional GL superconducting transition in a homogeneous layered superconductor.
PACS numbers: 74.25.Dw,74.25.Ha,74.40.+k,74.72.Jt
I. INTRODUCTION
An important and still open issue, at present under
considerable discussion, of the high-TC cuprate super-
conductors (HTSC) is the role that play in their super-
conducting phase transition the chemical and electronic
disorder and inhomogeneities,1 and the loss of long-range
phase coherence due to vortex fluctuations.2 The ongo-
ing debate, whose elucidation may be an appreciable step
toward the understanding of the pairing mechanism in
HTSC, is particularly well illustrated by the precursor
diamagnetism observed above the Meissner transition.
In optimally doped HTSC, this effect was first studied
quantitatively by Lee, Klemm and Johnston3 and at-
tributed, as in the case of the conventional (BCS) low-TC
superconductors,4 to the presence of evanescent Cooper
pairs created by the unavoidable thermal agitation. This
last conclusion was supported by the fact that the mea-
sured diamagnetism could be accounted for in terms of
the Ginzburg-Landau approach for multilayered super-
conductors with Gaussian fluctuations of the supercon-
ducting order parameter (GGL approach). Since then,
the applicability of this conventional phenomenological
GGL scenario, which was more recently extended empir-
ically to high reduced temperatures by the introduction
of a total energy cutoff,5 has been confirmed by differ-
ent groups in many HTSC,6,7 very in particular in un-
derdoped compounds up to relatively high reduced field
amplitudes, of the order of 0.2.8,9 Further support was
earlier provided by the consistency with other intrinsic
rounding effects observed above TC , especially with the
paraconductivity,7,10 and also with the precursor diamag-
netism in dirty low-TC superconductors.
11
In the last few years, however, the results summarized
above are being strongly questioned, the claimed dis-
agreements being with both the experimental and the
theoretical aspects.12,13,14,15,16,17,18,19,20 Among the first
ones, is the anomalous precursor diamagnetism observed
in various HTSC with different dopings, including the
optimal one.12,13,14 These anomalies are being proposed
as a further confirmation of unconventional (non-GGL)
scenarios, including those based on the presence of intrin-
sic TC -inhomogeneities,
15,16 on the breaking of the long-
range phase coherence by vortex fluctuations,17,18,19 or
on a 3D Bose-Einstein condensation.20 However, it has
been shown recently that at least some of these anoma-
lies may be easily explained in terms of TC inhomo-
geneities associated with the presence of chemical inho-
mogeneities in the samples.21 In fact, intrinsic-like chem-
ical inhomogeneities and disorder, and then the corre-
sponding TC inhomogeneities, may be always present in
some cuprates (in particular, in underdoped compounds),
due to their non-stoichiometric nature.1 Nevertheless,
even when the measured precursor diamagnetism agrees
with the GGL predictions, some authors contest the ad-
equacy of these analysis invoking the apparently anoma-
lous magnetization behavior below TC also in optimally
doped cuprates.14,22
The challenge is, therefore, first to disentangle the
diamagnetism due to superconducting fluctuations from
the magnetization roundings associated with, intrinsic or
not, chemical disorder and inhomogeneities, and then to
attempt to analyze these data, consistently above and
below TC , in terms of vortex and Cooper pairs fluc-
tuations. This is the purpose of this paper, where we
will first summarize the magnetization measurements in
a Tl2Ba2Ca2Cu3O10 (Tl-2223) single crystal with very
high chemical and structural quality. This compound
is stoichiometric, which minimizes the randomness of
dopant atom distribution and then the corresponding dis-
order and inhomogeneities.1 These data will be then used
to check if the existing GL approaches with fluctuations
of vortices and of Cooper pairs3,7,8,9,23,24,25 explain, at
quantitatively and consistently above and below TC , the
diamagnetism measured in homogeneous cuprate super-
conductors.
II. EXPERIMENTAL DETAILS AND RESULTS
The Tl-2223 sample used in this work, a 1.1 ×
0.75 × 0.226 mm3 single crystal, was chosen by its
sharp low-field Meissner transition from several high-
quality single crystals of this nominal composition pre-
pared by A. Maignan and coworkers in Caen. De-
tails of the growth procedure of these crystals and of
2their structural characterization may be found in Ref.
26. The temperature and magnetic field dependence
of the magnetization, M(T,H), around TC(H) were
measured with a superconducting-quantum-interference-
device (SQUID) magnetometer (Quantum Design). A
crucial check of the quality of our crystal is provided by
the temperature dependence of its low-field (1 mT) mag-
netic susceptibility measured under field-cooled (FC) and
zero field-cooled (ZFC) conditions (inset of Fig. 1). Un-
der these very low fields, the superconducting fluctuation
effects are expected to be negligible3,4,5,6,7,23,24,25 and,
therefore, the observed susceptibility roundings above
TC will be mainly due to inhomogeneities and disor-
der. As it may be appreciated, the Meissner transition is
very sharp, the transition temperature width, defined as
usually,21 being around ∼ 1 K, and the zero-field critical
temperature TC0 = 122.0 K. These data also show an ex-
ceptionally high Meissner fraction, |χFC(T → 0)| ≈ 0.8.
The in-plane diamagnetism (for H applied perpen-
dicularly to the crystallographic ab planes) may be
parametrized through the so-called excess magnetization,
∆M(T,H), which as usual is defined as the difference
between the as-measured magnetization and the normal-
state or background contribution, MB(T,H). This last
was obtained by fitting to theM(T,H) curves well above
TC (between ∼150 K and ∼250 K) a Curie-like function
(see Fig. 1 for an example corresponding to µ0H = 1
T). An overview of the measured ∆M(T )H curves is pre-
sented in Fig. 2. These data extend to both sides of TC
and cover up to 2.5 orders of magnitude in H , which
allows a thorough check of the GL approaches in the dif-
ferent regions, where the influence of fluctuating Cooper
pairs and vortices are expected to be different.3,8,9,23,24,25
As shown in this figure, the ∆M(T )H curves cross at a
temperature few degrees below TC0,
27 which is a signa-
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FIG. 1: T dependence of the as-measured magnetization, for
µ0H = 1 T perpendicular to the ab planes. The line is
the background contribution, obtained by fitting a Curie-like
function in the region 150-250 K. The shadow area repre-
sents the effect of the superconducting fluctuations. Inset: T
dependence of the low-field magnetic susceptibility, already
corrected for demagnetizing effects, measured under FC and
ZFC conditions.
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FIG. 2: (Color online) T dependence of the excess magneti-
zation around TC . Data in the critical region around HC2(T )
are indicated in red. Upper inset: Detail of the crossing point
which reveals its splitting: the ∆M(T ) curves into the crit-
ical region cross at T ∗1 , while the ones outside cross at T
∗
2 .
Lower inset: H − T phase diagram for the fluctuations. The
red curve is the critical region boundary as estimated from
Eq. (2). The data points represent the experimental window
for the scaling approach in the critical region. See the main
text for details.
ture of the thermal fluctuations in highly anisotropic su-
perconductors. When expanding these data (upper inset
of Fig. 2), the crossing point spans a temperature inter-
val between T ∗1 ≈ 118 K for high fields and T ∗2 ≈ 119 K
for low fields. A similar splitting has been also observed
in other highly anisotropic superconductors28 and will be
analyzed below in detail.
III. DATA ANALYSIS
Above but not too close to TC , on the grounds of the
GGL scenario in the 2D limit, well adapted to this highly
anisotropic superconductor, ∆M is given by5,9
∆M = −f kBTN
φ0s
[
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]
. (1)
Here Γ and ψ are the gamma and digamma functions, h ≡
H/HC2(0) the reduced magnetic field, HC2(0) the upper
critical field extrapolated to T = 0 K, ε ≡ ln(T/TC0)
the reduced temperature, N = 3 the number of su-
perconducting CuO2 layers in their periodicity length
(s = c/2 = 17.9 A˚), f ≈ 0.8 the effective supercon-
ducting volume fraction (approximated as the Meissner
3fraction29), kB the Boltzmann constant, φ0 the flux quan-
tum, and εc ≈ 0.55 the total-energy cutoff constant.5 The
solid lines in Fig. 3(a) are fits of Eq. (1) in the ε-region
2× 10−2 <∼ ε <∼ 2× 10−1 to some of the data above TC of
Fig. 2, withHC2(0) as the only free parameter. These few
examples show an excellent agreement down to a few de-
grees above TC0, where the Gaussian approximation is no
longer valid (see below), and it leads to µ0HC2(0) = 340
T, a value that is going to be used in the remaining anal-
ysis above and below TC . As illustrated by the examples
shown in the inset of Fig. 3(a), the agreement of Eq. (1)
with the H dependence of ∆M measured above TC is
also excellent.
Near TC(H) the fluctuations increase so much that
the Gaussian approximation breaks down. In a magnetic
field sufficiently strong that the fluctuations’ spectrum is
restricted to the lowest Landau-level (LLL), this critical
region for two-dimensional systems is bounded by30
|T − TC(H)|
TC0
<
∼
√
2kB
∆cξ2ab(0)s
h, (2)
where ∆c is the specific heat jump at TC0, and ξab(0)
the in-plane superconducting coherence length ampli-
tude. By using31 ∆c = 3×105 J/Km3 and ξab(0) = 9.8 A˚
(which corresponds to the HC2(0) value obtained above
in the GGL region above TC), the limits of this critical
region are represented in the lower inset of Fig. 2. In
this LLL regime, the GL theory predicts that for two-
dimensional systems ∆M follows a scaling behavior in
the variables23
m ≡ ∆M√
HT
, t ≡ T − TC(H)√
HT
, (3)
the scaling function being calculated by Tes˘anovic´ and
coworkers as25
m = f
A
H
′
C2
kB
φ0s
(
At−
√
A2t2 + 2
)
, (4)
where A ≡ [H ′C2T ∗1 /2(TC0−T ∗1 )]1/2, H
′
C2 ≡ HC2(0)/TC0,
and T ∗1 is close to the limit of the critical region below
TC0 when H = 0. Equation (4) predicts a crossing of the
M(T )H curves at T
∗
1 and ∆M
∗
1 , related through
∆M∗1 = −f
kBT
∗
1
φ0s
, (5)
which allows a first direct comparison with the results of
Fig. 2. Note first that the high-field crossing point ob-
served at T ∗1 (upper inset in Fig. 2) falls into the critical
region delimited by Eq. (2) and, therefore, should be de-
scribed by Eq. (5). By using T ∗1 = 118 K, this equation
leads to ∆M∗1 ≈ −340 A/m, which is in good agreement
with the experimental value (−375 A/m), taking into
account the experimental uncertainties in f and in the
normal-stateMB(T ) contribution. In Fig. 3(b) we repre-
sent the ∆M(T,H) data in the critical region in terms of
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FIG. 3: (Color online) a) Two examples of the excess mag-
netization vs. T and vs. H (inset) in the Gaussian region
above TC(H). The lines are the GGL prediction [Eq. (1)].
b) Scaling of the m vs t curves in the critical region around
HC2(T ). The line is the GL-LLL scaling function [Eq. (4)].
c) ∆M vs H in the Gaussian region below HC2(T ). The lines
are fits to the BLK theory [Eq. (6)]. The resulting ηHC2(T )
is presented in the inset and close to TC0 it has the tempera-
ture behavior and amplitude predicted by the GL approach.
In contrast, if the conventional London term alone is used,
ηHC2(T ) diverges at T
∗
2 . In all figures, data points in red are
in the critical region.
the t and m variables given by Eq. (3), calculated by us-
ing TC(H) = TC0[1−H/HC2(0)] and µ0HC2(0) = 340 T,
the value obtained before in the GGL region above TC .
As can be seen, the scaling of the m(t) curves is excellent
and the scaling function, evaluated from Eq. (4) by using
again the same parameters, is also in agreement with the
data at a quantitative level. A good agreement with the
GL-LLL scaling was also observed by various groups in
different optimally doped and intrinsically underdoped
4cuprates.10,32,33,34
For temperatures well below TC(H), outside the crit-
ical region, the fluctuation diamagnetism will be domi-
nated by fluctuations of the two-dimensional vortex (pan-
cakes) positions, which in terms of the GL approach may
be seen as fluctuations of the order parameter phase.
This contribution has been calculated by Bulaevskii, Led-
vig and Kogan (BLK approach) as,24
∆M(T,H) = −f φ0
8piµ0λ2ab(T )
ln
(
ηHC2(T )
H
)
+
+f
kBT
φ0s
ln
(
8piµ0kBTλ
2
ab(T )
αsφ20
√
e
HC2(T )
H
)
. (6)
The first term on the right is the conventional London
magnetization, whereas the second one is associated with
fluctuations. In this equation, λab is the magnetic pene-
tration length in the ab planes, η and α are constants of
the order of the unity related to the vortex structure, and√
e ≈ 1.649 . This equation also predicts the crossing of
the ∆M(T )H curves at a temperature T
∗
2 a few degrees
below TC0, the corresponding excess magnetization being
∆M∗2 = −f
kBT
∗
2
φ0s
ln (ηα
√
e), (7)
which differs from Eq. (5) for the crossing point in the
critical region, by a constant of the order of the unity.
By using in Eq. (7) the experimental T ∗2 and ∆M
∗
2 values
(upper inset of Fig. 2), which are well outside the critical
region, one finds ln(ηα
√
e) ≈ 0.8, in agreement with the
BLK approach.
A thorough comparison of Eq. (6) with the experimen-
tal data is presented in Fig. 3(c). For each isotherm, the
only free parameters are ηHC2 and λab. Clearly, the fit
quality is excellent for isotherms up to ∼ T ∗2 . As shown
in the inset of Fig. 3(c), close to TC0 the resulting ηHC2
follows a linear temperature dependence and tends to
zero at TC0, in full agreement with the conventional (GL)
behavior for HC2(T ). Moreover, by using the previous
µ0HC2(0) = 340 T, one obtains, as expected, η ≈ 0.4.
It is worth noting that the London theory alone (with-
out the term due to vortex fluctuations) fits the data
of Fig. 3(c) as well (it follows the same H dependence).
However, as earlier stressed by Kogan and coworkers,35
it would lead to an anomalous HC2(T ) close to TC0, due
to the presence of the crossing point. This seemingly
anomalous HC2(T ) behavior has been recently presented
as the hallmark of unconventional behavior for ∆M .14
IV. CONCLUSIONS
We have presented detailled measurements of the dia-
magnetism around the Meissner transition in a high
quality Tl-2223 single crystal. These results were ana-
lyzed in terms of the Ginzburg-Landau approach with
superconducting fluctuations in the three different fluc-
tuation regions: the Gaussian-Ginzburg-Landau regions
above and below TC and the critical region closer to
TC(H). These analysis extend previous comparisons,
up to now performed consistently only in one or two
of these fluctuation regions.3,4,5,6,7,8,9,10 They provide,
therefore, an important test of consistency for the appli-
cability of the GL approaches to describe the Meissner
transition in an optimally doped cuprate. When com-
bined with previous measurements of different observ-
ables around TC ,
3,4,5,6,7,8,9,10 in particular of ∆M in un-
derdoped cuprates,8,9,21,32,33,34,36 our present results pro-
vide a strong experimental confirmation that the Meiss-
ner transition in all cuprates is, independently of the
doping, a conventional GL transition, although in many
cases entangled with, intrinsic or not, disorder and inho-
mogeneities. This work may then help to reach a general
consensus on the phenomenological descriptions of the
superconducting transition in cuprates, which in turn will
provide a constraint for the explanations of the critical
behavior of any observable around TC
37 and, more im-
portant, for any proposal of pairing mechanism in these
materials.
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